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The Van Allen radiation belts contain ultrarelativistic electrons trapped in Earth’s magnetic

field. Since their discovery in 1958, a fundamental unanswered question has been how electrons
can be accelerated to such high energies. Two classes of processes have been proposed:
transport and acceleration of electrons from a source population located outside the radiation
belts (radial acceleration) or acceleration of lower-energy electrons to relativistic energies in situ in
the heart of the radiation belts (local acceleration). We report measurements from NASA's

Van Allen Radiation Belt Storm Probes that clearly distinguish between the two types of
acceleration. The observed radial profiles of phase space density are characteristic of local
acceleration in the heart of the radiation belts and are inconsistent with a predominantly radial

acceleration process.

adial diffusion of geomagnetically trapped
Relectrons occurs continuously in Earth’s

time-varying magnetic field. Early theo-
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Fig. 1. The geometry of the radiation belts and RBSP orbits shown to
scale. The positions of the RBSP satellites at 07:57 UT on 9 October are
indicated. Also shown, in a cut-away view, is a single drift shell for electrons
with 15° equatorial pitch angles starting at the position of RBSP-A at a radial
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ries of the formation of the Van Allen radiation
belts focused on betatron and Fermi acceleration
processes that act when electrons are transported
from the outer magnetosphere where magnetic
fields are weak (<100 nT) to the radiation belts,
in the inner magnetosphere, where the magnetic
fields are strong (1, 2). The single-point measure-
ments and low time resolution of early satellite
observations suggested that radial diffusion could
generally explain the equilibrium structure of the
radiation belts and its evolution on the longer time
scales (days to weeks) revealed in early satellite
observations. In the 1990s, a growing network of
satellites provided multipoint measurements with
temporal and spatial resolutions, revealing com-
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plex structure and rapid dynamics that were dif-
ficult to explain with conventional theory.

In January 1997, a solar coronal mass ejection
produced a strong geomagnetic storm and a dra-
matic intensification of radiation belt electron fluxes
at energies up to several MeV (3, 4). Comparison
of the dynamics at geosynchronous orbit [~6.6Rg
(R is Earth’s radius, 6372 km) or 42,000 km
geocentric distance] and in the heart of the elec-
tron belt (~4.2Rg or 27,000 km) showed that the
intensification of relativistic electron fluxes oc-
curred first in the heart of the belts and on ex-
tremely rapid time scales (~12 hours) and only
later and more slowly at higher altitudes. In con-
trast with radial diffusion theory, these observa-
tions strongly suggested an energization process
operating locally in the heart of the radiation belts
(3). A leading candidate for that process was pro-
posed to be acceleration by resonant interactions
between radiation belt electrons and naturally oc-
curring electromagnetic very low frequency (VLF)
(= 1 kHz, i.e., radio) waves (5—10). However,
around the same time other observations (/7)
showed a strong correlation between radiation belt
electron enhancements and the power in global
ultralow frequency (ULF) waves, which are en-
hanced during geomagnetic storms. Subsequent
studies suggested that rapid enhancements of the
radiation belts could be explained by acceleration
from rapid, time-varying radial diffusion driven
by the strong ULF field fluctuations (/2—-17).

Measurements of electron flux (electrons cm >
s str! MeV™") cannot distinguish between local
acceleration and acceleration by radial transport
because both can produce radial peaks in electron
flux. However, phase space density, which is the
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distance L* ~ 4.2. Representative magnetic field lines are plotted in light blue
between the northern and southern magnetic mirror points. The radial profiles
of phase space density expected from radial-diffusive acceleration (A) and
local wave-particle acceleration (B) are indicted schematically.
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electron flux divided by the square of the mo-
mentum, does show unique signatures for local
versus radial acceleration when expressed as a func-
tion of “magnetic coordinates.” NASA’s recently
launched Van Allen Radiation Belt Storm Probes
(RBSP) mission was designed to make the mea-
surements needed to distinguish whether local or
radial acceleration is the primary driver behind
radiation belt electron acceleration events (/8).
Here, we report on the radial profiles of phase
space density observed during the first major radia-
tion belt enhancement event of the RBSP mission.

In Earth’s magnetic field, the motion of elec-
trons is constrained to “drift shells” where electrons
bounce between northern and southern magnetic
mirror points and drift azimuthally around Earth
(Fig. 1). To distinguish between local and radial
acceleration, we must express phase space density
not as it is measured—as a function of energy,
pitch angle, and position—but rather as a func-
tion of the magnetic coordinates, p, K, and L*,
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that constrain electron motion (figs. S1 and S2).
For radiation belt electrons, the quantity L* de-
fines their radial location, as measured from the
center of Earth. Radial diffusion moves electrons
in L* while conserving the quantities 1 and K.
Because it is a stochastic process, diffusion moves
electrons from regions of higher to lower phase
space density. Therefore, enhanced radial diffu-
sion from a source population at high L* can
increase the phase space density at lower L*, but
the gradients will still exhibit a monotonic de-
crease from the source or, equivalently, a mono-
tonic increase with increasing L* (Fig. 1A). In
contrast, local acceleration processes keep an
electron’s position (L*) essentially constant while
increasing its energy. Therefore, local accelera-
tion processes produce increases in phase space
density over a limited range of L*, which, if suf-
ficiently strong, will lead to a local peak in the
radial profile with negative radial gradients at
higher L* (Fig. 1B).

-
o
L
o
-
ommn
«amn
omume
o~
3

Beginning with the January 1997 radiation belt
electron event, studies have analyzed the radial pro-
files of phase space density and have provided
growing evidence for local acceleration (4, /9-22).
However, those studies were limited by a number
of factors, including detector limitations, high back-
grounds from penetrating radiation, poor energy
coverage or resolution, limitations imposed by
the satellite inclination or orbital period, and lim-
ited radial coverage (23). The RBSP mission was
designed specifically to overcome those limitations
by providing measurements near the magnetic
equator, with broad and continuous energy cov-
erage and rapid radial cuts through the heart of
the radiation belts, and simultaneous measure-
ments from spatially separated satellites (24). The
two RBSP satellites were launched on 30 August
2012 into a near-equatorial, elliptical orbit with
apogee at 5.7RE.

On 9 October 2012, the twin RBSP satellites
measured an intense relativistic electron acceler-
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Fig. 2. An overview of the October 2012 geomagnetic storm and
radiation belt electron event. The top graph shows the flux (intensity) of
2.5 MeV electrons from the MagEIS magnetic spectrometer (30) on NASA’s
twin RBSP satellites. The second graph shows the fluxes at a radial distance
of L = 4.2. The bottom three graphs show solar wind speed (V,), the
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interplanetary magnetic field north-south component (IMF Bz), and the dis-
turbance storm time index (Dst, a measure of geomagnetic storm intensity).
The geomagnetic activity late on 8 October and into 9 October produced a
very intense and very rapid increase in fluxes. More information on solar wind,
geomagnetic, and VLF wave conditions is in the supplementary materials.
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ation event (Fig. 2). Geomagnetic storms can ei-
ther intensify or deplete the fluxes of MeV electrons
in the outer belt (25). A storm on 1 October
strongly depleted the outer electron belt (26), and
electron fluxes remained exceptionally low and
fairly constant until 8 October. The fluxes of outer
belt electrons continued to gradually decrease
until early on 9 October, when the fluxes of MeV
electrons began to rapidly increase. In many ra-
diation belt electron acceleration events, the fluxes

Fig. 3. Phase space density pro-
files for relativistic radiation
belt electrons. Profiles were mea-
sured by the Relativistic Electron-
Proton Telescope instrument (31)
on 8 and 9 October. Phase space
density, £, is in units of (c/cm MeV)*
where ¢ is the speed of light. By
plotting f(L*) at fixed magnetic
invariants, u = 3433 MeV/G, and
K =0.11 RgG"?, we can plot both
inbound and outbound portions of
the orbit for each satellite on a com-
mon basis, vastly increasing the spa-
tial and temporal resolution relative
to previous observations. We used
the TS04 magnetic field model to

3

Phase Space Density
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rise gradually over the course of a day or two. This
event more closely resembles the January 1997
event in that the fluxes rose nearly three orders of
magnitude in a period of less than 12 hours.

We plotted the time-dependent radial profiles
of phase space density in order to look for the
characteristic signatures of either radial or local ac-
celeration (Fig. 3). In the first pass on 8 October
(labeled 18:22), the RBSP-A spacecraft was out-
bound starting at L* = 3.6 at 17:32 UT, reaching
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calculate the invariants (32). Curves for RBSP-A (squares) and RBSP-B (circles) are color-coded and labeled
by the time at which each satellite crossed L* = 4.2. The rapid increase in phase space density in the vicinity
of L* = 4.2 and the slower, more delayed increase at higher L* produce signatures of local acceleration: a
peak in phase space density with positive radial gradients at lower L* and negative radial gradients at
higher L*. The average uncertainty on the calculation of phase space densities at fixed u and K is a
factor of 1.4, and the maximum uncertainty is a factor of 2 as discussed in the supplementary materials

and figs. S8 and S9.

Fig. 4. Simultaneous

10-7_ Ll
measurements of phase
space density from
RBSP-A (squares) and
RBSP-B (circles). Points
are color-coded as a func-
tion of time when the
two satellites were mak-
ing simultaneous mea-
surements of the radial
gradients (07:22 to 08:12
UT). (Inset) The satellite
orbits with RBSP-A in-
bound from apogee and
RBSP-B outbound from
perigee.
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an apogee of L* = 5.2 at 21:17 UT. Comparison
with the subsequent profiles at 18:27 and 23:17
UT shows that there was little temporal evolution,
and each pass can essentially be considered a snap-
shot of the phase space density profile.

Between the passes labeled 23:17 (8 October)
and 03:32 UT (9 October), the radiation belts ex-
perienced a rapid increase in phase space density
that continued for the next 10 hours. The increase
in phase space density is most rapid in the heart
of the radiation belts, in the vicinity of L* = 4.2.
In the early stages of the event, the phase space
densities at higher L* (e.g., 4.8) change only
slightly to produce a pronounced peak in the ra-
dial profiles. In the passes labeled 4:12 and 7:57
UT, the radial peak in phase space density and the
negative gradients at high L* continue to grow.
The pass labeled 3:32 UT is complicated because
the magnetosphere was changing on time scales
that are comparable to the transit of the RBSP-A
satellite through the belt (figs. S6 and S7).

In the passes labeled 8:22 and 13:02 UT, the
negative radial gradients at high L* began to
smooth out even as the peak phase space den-
sity increased, indicating that, in addition to local
acceleration, radial diffusion also affected the ra-
diation belt electrons by transporting them radially
outward (and inward) from the newly formed peak.
From 10:22 UT on 9 October through 12 October
(labeled “late times™), the phase space density
profiles show very little change, which is consist-
ent with the abrupt decrease of energy input into
the magnetosphere as the IMF turned northward
(Fig. 2).

As noted in previous studies (18, 20, 22),
single-satellite studies of phase space density gra-
dients are subject to some spatial-temporal am-
biguity because of the finite time for a single
satellite to move from one L* to another. By using
simultaneous measurements of the phase space
density measured at different L* by the two RBSP
satellites, we can further test whether instanta-
neous gradients are consistent with those seen in
a finite-duration satellite pass. Starting at 05:57,
RBSP-A was on the inbound leg of its orbit (la-
beled 7:57 in Fig. 3). RBSP-A measured a nega-
tive radial gradient with phase space densities that
increased from 2.2 x 10 at L*=4.9t0 5.4 x 10™®
at L* =4.2. At about 07:22, RBSP-B entered the
outer electron belt moving outward (orbit labeled
8:22 in Fig. 3). RBSP-B measured a positive ra-
dial gradient with phase space densities that in-
creased from 1.6 x 107% at L*=3.4106.5x 10™°
at L* = 4.2, Starting at 07:22, the two satellites
were making simultaneous observations on op-
posite sides of the peak (Fig. 4). From 7:22 to
8:12 UT, RBSP-A moved inward from L* = 4.5
to 4.1 and measured phase space densities went
from 3.0 x 10 ¥ to 4.4 x 10~®. Although this is on
the order of the uncertainty in the measurements,
the inward-directed gradients are a smooth contin-
uation of the gradients measured earlier. The twin
RBSP measurements confirm that the radial peak
in phase space density is indeed a real spatial struc-
ture and not the result of spatial-temporal aliasing.
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Numerical simulations (27) and other analy-
ses (20) have shown that radial peaks in phase
space density can in some cases be produced by
radial diffusion in combination with a boundary
condition at the outer edge of the belts that first
increases to levels higher than the observed peak
at lower L* then decreases to levels below it. The
shortness of the time between subsequent RBSP
apogee passes provides stringent constraints on
such a scenario but does not disprove it. Compar-
ison between RBSP and geosynchronous phase
space densities from five geosynchronous satellites
that orbit outside RBSP’s apogee and provide near-
continuous monitoring of the outer boundary of
the radiation belts confirms the negative radial
gradient at high L*, the lack of a potential source
population at the outer boundary, and the necessity
of an internal local acceleration process (fig. S10).

Although it is possible that radial acceleration
may dominate in other relativistic acceleration
electron events (28), the RBSP measurements of
phase space density profiles on 8 and 9 October
show signatures of local acceleration by wave-
particle interactions in the heart of the radiation
belts (29). The entire acceleration took place
over a period of ~ 11 hours between 23:17 UT
on 8 October and 13:02 UT on 9 October. The
primary acceleration was centered at L* =~ 4
with evidence of acceleration observed between
L*=35t04.5.
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A Uranian Trojan and the Frequency of
Temporary Giant-Planet Co-Orbitals

Mike Alexandersen,* Brett Gladman, Sarah Greenstreet,” ]. J. Kavelaars,?

Jean-Marc Petit,® Stephen Gwyn?

Trojan objects share a planet’s orbit, never straying far from the triangular Lagrangian points,
60° ahead of (L4) or behind (L5) the planet. We report the detection of a Uranian Trojan; in our
numerical integrations, 2011 QFg oscillates around the Uranian L4 Lagrange point for >70,000 years
and remains co-orbital for ~1 million years before becoming a Centaur. We constructed

a Centaur model, supplied from the transneptunian region, to estimate temporary co-orbital
capture frequency and duration (to a factor of 2 accuracy), finding that at any time 0.4 and
2.8% of the population will be Uranian and Neptunian co-orbitals, respectively. The co-orbital
fraction (~2.4%) among Centaurs in the International Astronomical Union Minor Planet
Centre database is thus as expected under transneptunian supply.

uring 2011 and 2012, we used the Canada-
D France-Hawaii Telescope to perform a

20-square-degree survey designed to de-
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tect trans-Neptunian objects (TNOs) and objects
between the giant planets with apparent r-band
magnitude m, < 24.5 and track all detections for
up to 17 months. The project was accurately cali-
brated (/) to constrain the size and orbital pa-
rameter distributions of populations resonant with
Neptune. Constraining the distribution of these
populations is essential, as they in turn set con-
straints on models of the evolution of the outer
solar system.

As part of this survey, we detected 2011 QFgq
(2) at a heliocentric distance of 20.3 astronomical
units (AU), where its apparent magnitude m, =
22.6 + 0.1 sets its absolute magnitude at H, = 9.6
(Hg = 10.3, assuming a typical color g — = 0.7).
This magnitude indicates that 2011 QFqg is
~60 km in diameter, assuming a 5% albedo. As
more observations constrained the orbit, it became
clear that 2011 QFg9 was not simply a Centaur
that happened to be near the distance of Uranus.
Our current astrometry, consisting of 29 measure-
ments from seven dark runs with a total arc of
419 days, indicates the following orbital elements:
a=19.090 + 0.004 AU, e =0.1765 £ 0.0007, i =
10.811° + 0.001°, Q = 222.498° + 0.001°, o =
287.51° £ 0.11°, and 7= 246 4388 + 11 JD. Here,
a, e, 1, Q, , Tare the osculating J2000 barycentric
semimajor axis, eccentricity, inclination, longi-
tude of ascending node, argument of pericenter,
and Julian day of pericenter. The low eccentricity
along with a semimajor axis similar to that of
Uranus (a¢y =~ 19.2 AU) indicated that 2011 QFgg
might be a Uranian co-orbital. Co-orbital bodies
are in the 1:1 mean-motion resonance with a planet
(thus having the same orbital period) and a librat-
ing (oscillating) resonant angle ¢; = A — Appanet-
Here, A is the mean longitude, which is the sum of
Q, o, and the mean anomaly. ¢;; roughly mea-
sures how far ahead in orbital phase the object
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Supplementary Text:

Solar Wind and Geomagnetic Activity

Relativistic electron acceleration is the result of a series of processes that begin with
transfer of energy from the solar wind into the magnetosphere. Two of the important
solar wind parameters that determine energy transfer are the interplanetary magnetic field
(IMF) and the solar wind speed (Vsw). Southward IMF (Bz < 0) enables reconnection
with the Earth’s magnetic field that efficiently transfers energy into the magnetosphere.
This can produce geomagnetic storms which inject moderate energy (10s to 100s keV)
electrons and ions into the inner magnetosphere where they build up the ring current,
provide a source of free energy for electromagnetic waves, and provide a seed population
that can subsequently be accelerated to higher energies. The Disturbance storm time (Dst)
index is a measure of geomagnetic storm activity. Dst <-50 nT and <-100 nT represent
moderate and strong storm activity respectively.

Late on October 7 the interplanetary magnetic field (IMF) turned moderately
southward. It became more strongly southward on October 8 driving moderate to strong
storm activity. At the same time the outer belt electron fluxes began to decrease slightly.
Following a partial weakening of storm activity and a brief northward turning, the IMF
turned rapidly and strongly southward again and storm activity re-intensified. The onset
of the increase in relativistic outer belt electron fluxes is the result of processes that began
earlier but the rapid changes observed here cannot easily be associated with the timing of
any particular solar wind drivers. High solar wind speed (Vsw =z 500) is often correlated
with radiation belt intensifications (32) but, in this event, the solar wind speed was only
slightly faster than average and did not reach speeds of > 500 km/s until well after the
acceleration was over. In contrast, the end of the acceleration event corresponds closely
with the northward turning of the IMF and the recovery of Dst. Thereafter the IMF
fluctuated around zero and the outer belt fluxes remained fairly constant.

Electron Motion and Adiabatic Invariants

Electron motion in a steady-state dipole-like magnetic field can be described by
three periodic motions - gyration around the magnetic field, bounce along the magnetic
field between magnetic mirror points, and azimuthal gradient-curvature drift around the




magnetosphere. Each has an associated “magnetic invariant” which is approximately
conserved under adiabatic changes to the magnetic field. The time scales associated with
gyration, bounce, and drift are milliseconds, seconds, and tens of minutes respectively.
The first invariant, y, is associated with the gyro-motion around the magnetic field and is
given by
2
P
2m,B

where m,, is the rest mass, and p, is the relativistic momentum in the direction

perpendicular to the magnetic field, B.

When p is approximately conserved, the motion of an electron can be described by
guiding center theory (33) which describes the motion of the electron’s gyro-center
neglecting circular motion around the gyro-center. The guiding-center motion of an
electron is described by a “drift-shell” that resembles a section of the outer surface of a
toroid. The bounce motion along a magnetic field line is constrained by the magnetic
mirror points that, in turn are defined by the electron’s pitch angle

-1 P
Py

where, again the perpendicular and parallel directions are with respect to the magnetic
field. Electrons with a 90° equatorial pitch angle mirror at the geomagnetic equator. More
field-aligned electrons (o — 0°,c¢ — 180°) mirror further and further from the magnetic

equator. The invariant associated with the bounce motion between the Northern and
Southern mirror points is

J= gﬁpH ds = 2]: p,ds

which, when p is conserved can also be expressed as the energy-independent invariant

J 5
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2m,
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where B, is the magnetic field strength at the mirror point and s is the path length along

the field line. The third invariant is an integral around the drift shell and between the
mirror points

©=§B-dA
which conserves the total magnetic flux enclosed within a drift shell. In radiation belt

physics it is more common to use the L* parameter (34)

2rM

DR,

where, M is the Earth’s magnetic moment and Rg is the radius of the Earth (6,370 km).
The parameter L is defined as the geocentric distance at which a given magnetic

field line crosses the equator. In a dipole magnetic field L* = L. However, in a realistic

geomagnetic field, the L* for a fixed point in space changes as the field changes. In

general, L* for a fixed measurement point decreases with increasing geomagnetic activity

- a feature known as the “Dst effect” (35). Since (in the absence of acceleration or loss)

L* defines a surface of constant phase space density it is the appropriate parameter for

L*=



those purposes. However, when plotting electron flux at constant energy, which is not a
conserved quantity, it is more appropriate to use the parameter L (as we do in figure 2).

Phase Space Density Measurements

The RBSP mission was designed to overcome the limitations preventing previous
satellite observations from resolving the controversy surrounding local vs. radial
acceleration (/8). The satellite orbit must traverse the radiation belts but it also needs to
be near the geomagnetic equator. Radial and local acceleration affect the equatorial pitch
angle distribution of electrons differently. Radial acceleration most strongly affects 90°
(equatorially-mirroring) electrons. Satellite observations far off the magnetic equator can
only measure the more field-aligned part of the population and can therefore miss some
of the effects of radial acceleration. Since phase space density must be calculated at
constant K it is the minimum K value at the point furthest off the equator that determines
which equatorial can be observed throughout the orbit — i.e. at all measured L*.

Pitch-angle resolved measurements are needed to calculate phase space density as a
function of K at any point along the orbit. Many satellite measurements use omni-
directional or hemispherical detectors that cannot resolve pitch angle. In those cases,
assumptions about the pitch angle distributions and their time-dependence adds
ambiguity to phase space density values. Similarly, since the magnetic field changes with
position, the requirement to calculate phase space density at constant p implies that
measurements must span a broad range of energies and must also have sufficient energy
resolution.

We have already noted possible effects of spatial-temporal ambiguity inherent in
single satellite measurements. As also noted in previous studies (20, 22) peaks in phase
space density can be produced by radial diffusion without local acceleration if the source
population at high L* values decreases rapidly after the initial acceleration. Significant
gaps in either time or L* can allow some ambiguity in the interpretation. The ideal case
would be to have continuous measurements at all L* simultaneously. Since this is not
possible with a finite number of satellites the best compromise is to have simultaneous
multi-point measurements with sufficiently rapid radial motion that the coverage is
continuous on the time scales of interest which is the case for the RBSP measurements.

The RBSP satellites are capable of measuring phase space density over a much
broader range of u, K, and L* than any previous observations. In transforming from flux
to phase space density we first pick a fixed set of p and K and for each L* along a
satellite orbit. We then determine the energy and pitch angle of the electrons that
correspond to that p and K. To obtain statistically significant pitch angle distributions at
these high energies we average the RBSP data in 5 min bins along the orbit. We use
interpolation in the measured spectrum and pitch angle distribution in order to have a
continuous transformation function but we do not extrapolate beyond measured values.

Coverage in p and K

We calculate p and K along the satellite orbit using the TS04 magnetic field model.
Figure S1 shows the relationship between p and Energy along the RBSP-A orbit for
October 8 and Figure S2 shows the relationship between K and the corresponding
equatorial pitch angle. (The values for RBSP-A and -B for a given day are quite similar.)
We chose a value of u = 3433 MeV/G to select energies that optimize L* coverage



without getting too close to the upper or lower ends of the REPT instrument energy
coverage (30). We applied similar conditions in our choice of K. Since we do not
extrapolate the measured pitch angle distribution, we cannot calculate phase space
density for all K at all L*. The value K = 0.11 RgG"? provides coverage over a quite
broad range of L* while still constraining the corresponding equatorial phase space
density to approximately 45°-90°.

Electron Dynamics at Lower Energies

Although a full analysis of the evolution of radial profiles of phase space density for
all values of n and K is beyond the scope of this paper some general characteristics are
worth noting. The RBSP measurements show a peak in phase space density developing in
the heart of the belts for pu values upward of at least 1000 MeV/G and negative radial
gradients at high L* are observed for the same range. The beginning of the increase and
the rate of increase in phase space density are both functions of p consistent with
acceleration of the electrons from lower to higher energies over a finite time. At lower
values, u < 1000 MeV/G, the REPT measurements do not extend out to apogee.
However, preliminary analysis of data from the THEMIS satellites suggests that below
u<500 MeV/G the radial gradient at high L* transitions from negative to positive (figure
S3). This is due to the fact that electrons with energies less than a few hundred keV are
energized primarily by the electric fields associated with storm and substorm activity.

Wave-Particle Acceleration Processes

In order to accelerate relativistic electrons locally, in the heart of the radiation
belts, the acceleration process must break the first adiabatic invariant. Field-line
curvature scattering breaks the first invariant but does not provide additional energy.
Wave-particle interactions are the only process known to operate in the magnetosphere
that are capable of energizing electrons by MeVs. Since wave-particle interactions must
operate on gyro-period time scales this puts the waves in the VLF frequency range (i.e. =
1 kHz). Therefore we can conclude that the local acceleration observed in the heart of the
radiation belts on October 8-9, 2012 was caused by resonant interaction with VLF waves
but we cannot establish, based on current analysis, which specific VLF waves are
responsible. Theory, modeling, and observations (36-38) suggest that the wave mode that
is likely most effective for relativistic electron acceleration is VLF whistler-mode chorus
waves. Figure S4 shows that intense chorus emissions were indeed observed in the region
where local acceleration was observed providing evidence that is consistent with those
theories.

Dependence on the Magnetic Field Model

Calculation of the second and third invariants (K, L*) requires knowledge of the
large-scale magnetic field that cannot be obtained from local satellite measurements and
must be calculated from a global magnetic field model. There are several magnetic field
models in common use. Most are based on fits to statistical measurements of the global
magnetic field using different parameterizations and internal mathematical
representations of the field. The Olsen-Pfitzer quiet (OP77Q) magnetic field model is a
static (not time dependent) model which captures the general morphology of the average
field (39). The T89 model (40) parameterizes the field with the geomagnetic index Kp.




We define a “quiet” version in which Kp is fixed at a value of 2 and a “dynamic” version
that uses the measured value of Kp. The dynamic version captures some of the changes in
the field (35) but, since Kp has a 3-hour resolution and has discrete values this introduces
discontinuities. The TS04 model is a dynamic model that uses geomagnetic and solar
wind parameters to produce a set of parameterization functions that are continuous in
time (37). The TS04 is the model that is most likely to capture the dynamics of the true
geomagnetic field.

Since the value of phase space density, f, depends on the values of u, K and L*

which, in turn, depend on the magnetic field model, there is an inherent uncertainty in f
that is introduced by the choice of magnetic field model (figure S5). However, as with
previous studies (20) we find that, while the choice of field model has a significant effect
on the value of L* as a function of time, it has a rather small effect on the calculated
values of n and K.

As we have noted, the geomagnetic field was most dynamic and most likely to be
poorly-represented by any magnetic field model during the time 2:30 to 6:00 UT on
October 9 when the RBSP-A satellite was on an outbound traverse of the radiation belt.
This pass, labeled 3:32 in figure 3, is reproduced in figure S6 which additionally plots the
phase space density as a function of time. Although f(L*) shows considerable change in

slope during this time f(t) is considerably smoother indicating that it is the calculated
value of L*(t) that is distorting the radial profiles. Irrespective of the calculation of L* or
the choice of field model, RBSP-A measures increasing phase space density as a function
of time as it is outbound from 2:30 to approximately 4:30. As the satellite continues to
move outbound toward apogee (e.g. 4:30 to 6:00) it measures decreasing phase space
density and therefore a negative radial gradient.

Finally, for completeness, we plot phase space density as a function of spatial
position which is also independent of the field model-based calculation of L*. In figure
S7 we plot phase space density as a function of geocentric radial distance, f(R) for the

inbound pass of RBSP-B labeled with the time 04:12 UT in figure 3. Whilef(R) isnota
conserved quantity, it still accurately represents the radial gradients when the phase space
densities are changing more slowly than the duration of the pass (~3 hours). We also note
that the thermal plasma populations that provide the free energy for wave growth do not
conserve L* and are dependent on the spatial coordinates R and magnetic local time
(MLT). So,f(R, MLT) may be an important quantity in determining where wave-particle

acceleration is most effective. Additionally, plotting f(R) allows us to put the phase space
densities into a spatial representation on the same scale as the RBSP orbits and the
electron drift shells, as in figure S7.

Calculation of Uncertainties

As discussed above, the calculation of adiabatic invariants relies on the use of a
global magnetic field models. Therefore an inaccuracy in the calculation of one or more
of the invariants can lead to choosing the wrong phase space density out of the magnetic
invariant parameter space. There are several ways that we can assess the potential effects
of magnetic field inaccuracies on phase space density calculations.

To begin, in figure S8, we plot the observed magnetic field magnitude as a function
of the model magnetic field magnitude along with the distribution of relative errors




(Bobserved — Bmodel)/Bobserved- The standard error of the distribution is 4% and the maximum
error is +15%. These uncertainties translate directly to uncertainties in pu and therefore to
uncertainties in the energy to use for a fixed value of . The effect on uncertainties in
electron flux (and therefore phase space density) are dependent on the energy spectrum,
however, using the measured REPT spectrum the uncertainty in phase space density
corresponding to a 15% uncertainty in B is less than a factor of 2. A standard error of 4%
corresponds to a factor of 1.4. In figure 3 we refer to these values as the average and
maximum uncertainty respectively. Both values are considerably smaller than the radial
gradients in phase space density.

Uncertainties in the magnitude of B do not capture all of the potential factors that
can affect the uncertainties in phase space density. Fortunately, with two satellites in the
proper orbits, a technique called phase space density matching (47, 42) provides a direct
way to measure those uncertainties that capture the collective effects of all potential
uncertainties in the magnetic invariants as well as uncertainties due to possible cross-
calibration errors in the instruments. Since phase space density is conserved along a drift
shell, f(u, K, L*) measured simultaneously at two points on the drift shell should be
identical. Errors in p, K, L*, or instrument response functions will show up as a
difference. The two Van Allen Probes satellites provide numerous “drift shell
conjunctions” where the satellites are at two different longitudes (and magnetic local
times) but still measure the same drift shell at the same time (as calculated from the
magnetic field model). In figure S9 we plot the phase space density difference factor for
all the drift shell conjunctions on October 8-9 when the satellites were simultaneously
measuring the same drift shell (L* + 0.1). We find remarkable consistency with the
uncertainties obtained from magnetic field magnitudes alone with most values matching
within a factor of 1.4x and all values matching to better than a factor of 2.

Local Peaks and Outer Boundary Dynamics

Numerical simulations have shown that phase space density peaks can also be
produced by a time-dependent outer boundary condition (27). Peaks can be produced by
the following scenario: (a) at a certain time phase space density increases in the outer
region of the radiation belts through substorm injections, convection, or other processes;
(b) the electrons diffuse inward increasing the phase space density throughout the outer
zone, i.e. from the outer boundary to the slot region; (c) at a later time the phase space
density at the outer boundary decreases due to some electron loss process; (d) since it
takes a finite time for electrons near the heart of the belts to diffuse inward to the slot or
out to the outer boundary, a radial peak in phase space density may be formed.

The RBSP observations strongly constrain such a scenario for the October 8-9 event.
Figure 3 shows that the phase space densities at the highest L*’s increase or stay
approximately constant from one pass to another. Since the satellites are roughly 180° out
of phase in their orbital periods in October, 2012, there is a “gap” of 4.5 hours or less
(particularly considering the relatively slow motion at apogee). Therefore the rate of
radial diffusion and the increase/decrease of phase space density at the boundary would
have to be both large and extremely rapid in order to produce the observed radial profiles,
but, the RBSP observations alone cannot definitively rule out that possibility.

Fortunately, for the October 2012 event, we can also examine direct measurements
of the outer boundary conditions using geosynchronous satellite observations. During this




interval, Los Alamos National Laboratory (LANL) operated instruments on five
geosynchronous satellites distributed in longitude around the globe providing nearly
continuous monitoring at all magnetic local times at a radial distance of 6.6 Rg, 0.9 Rg
beyond the RBSP apogee. The geosynchronous satellites do not carry magnetometers so
the symmetry axis of the particle distributions is used to determine the magnetic field
direction and subsequently to calculate the pitch angle distributions and phase space
densities (22, 42).

In figure S10 we plot the phase space densities (for p=3433 MeV/G, K=0.11 RgG"?)
at geosynchronous orbit and in the heart of the radiation belts. Both are plotted as a
function of time regardless of L*. For RBSP we plot only points with L* > 3.8. For
geosynchronous orbit the L* at a given time can be different for different satellites due to
the asymmetries in the geomagnetic field. Additionally, the variation in L* with
geomagnetic activity generally increases with increasing radial distance (and decreasing
geomagnetic field strengths). When plotted as a function of time, rather than L*, changes
in phase space densities are a combination of adiabatic and non-adiabatic effects. Never-
the-less, given the near-equatorial positions of all seven satellites, geosynchronous orbit
is always at an L* that is larger than or nearly equal to the L* of RBSP. During October
8-9 there are a few brief intervals (e.g. ~09:00 on October 8 and ~00:00 to ~06:00 on
October 9) when the L* of one of the geosynchronous satellites is nearly equal to the L*
of one of the RBSP satellites and, at those times, the phase space densities are quite
comparable, as expected. The remainder of the time L*gpo > L*rpsp and PSDgro
<PSDgpsp indicating a strong negative radial gradient at the outer edge of the radiation
belts. These observations rule out the possibility that the peaks of phase space density
observed in the heart of the radiation belts in October 2012 might be due to radial
diffusion from a dynamic outer boundary.

Fig. S1.

The energy corresponding to different values of p (in MeV/G) along the RBSP-A
orbit on October 8. The REPT instrument (30) measures electrons with energies greater
than 1.8 MeV. Energies corresponding to pu = 3433 MeV/G are measured by REPT nearly
all the time. The (relativistic) energy for a given p is proportional to the magnetic field
strength. The thin solid lines use values from the TS04 magnetic field model. The thick
dotted lines use values measured by the EMFISIS instrument on RBSP. The close
agreement between the measured and TS04 model field suggest that, during this interval,
the model is a reasonably accurate representation of the true geomagnetic field.

Fig. S2.

The equatorial pitch angle corresponding to different values of K (in ReG'?) along
the RBSP-A orbit on October 8. Large values of K correspond to small equatorial pitch
angles and therefore the most field-aligned electrons. Small values of K correspond to
electrons mirroring near the magnetic equator. The minimum equatorial pitch angle for a
given K corresponds to locally-mirroring electrons. Electrons with K = 0.11 RgG"? have
equatorial pitch angles that are generally greater than 45° and are measured nearly
continuously by the REPT instrument (30).



Fig. S3.

Phase space densities based on measurements from the solid state telescope
experiment on NASA’s THEMIS satellite (43). Radial profiles are shown for three
inbound passes of the THEMIS-A satellite on October 7 (blue), October 8 (green) and
October 9 (red) for K <0.01 REG” 2 and three different values of u. Aty =100 MeV/G the
radial phase space density gradients are positive both before and during the acceleration
event suggesting that, at low energies, the region outside the radiation belts (L 2>6.5) is a
viable source of electrons. For y = 1000 MeV/G the radial gradients both before and
during the event are negative consistent with the RBSP observations of local acceleration
in the heart of the radiation belts.

Fig. S4.

The intensity of VLF whistler-mode chorus waves and the flux of 2.5 MeV electrons
as a function of L and Time. The power is the magnetic component of chorus waves
measured by the EMFISIS instrument on RBSP-A. Chorus power is integrated from 0.1
fee to 0.5 f.. where f. is the electron cyclotron frequency which captures the so-called
lower-band chorus intensity which is thought to be responsible for relativistic electron
acceleration (36). Chorus intensity begins to increase at the beginning of October 8 when
the Dst index (figure 2) shows the onset of a geomagnetic storm and conditions favorable
for whistler-mode chorus wave growth. The first period of chorus activity (in the first
“dip” of the storm) is associated with a small decrease in the flux of MeV electrons.
However, after a brief decrease associated with the weakening of geomagnetic activity
the chorus power re-intensifies starting ~20:00 on October 8 and the MeV electron fluxes
begin to intensify shortly thereafter. The correlation of chorus wave power and increases
of relativistic electron flux (and phase space density) in the second period of activity is
consistent with the hypothesis that chorus waves are responsible for local acceleration in
the heart of the radiation belts.

Fig. S5.

Phase space density, at p = 3433 MeV/G and K= 0.11 ReG'2, color-coded as a
function of L* and time for four different choices of magnetic field model. The value
of L* at a given time (and satellite position) depends significantly on the choice of model
but the values of p and K are much less sensitive to the choice in model. Importantly, the
formation of peaks in phase space density is not dependent on the choice of magnetic
field model although the L* assigned to the peak does depend on the calculated value of
L*.

Fig. S6.

Phase space density plotted separately as a function of L* and time. The green curve
reproduces the curve labeled 3:32 in figure 3. It shows phase space density as a function
of L* during the time when phase space density and the geomagnetic field are undergoing
the most rapid changes seen in this event. The white curve plots the same phase space
density but, instead, as a function of time. The smoothness of the white curve and the
presence of a spatial peak phase space density as the RBSP-A satellite moves outward
toward apogee confirms the presence of a radial peak that does not depend on the value
of L* derived from a magnetic field model.



Fig. S7.

Phase space density plotted as a function of radial distance,f(R) for the RBSP-B

inbound pass around the time 0412 UT on October 9. Whilef(R) is not a conserved
quantity when the global magnetic field changes it still accurately represents radial
gradients and allows direct comparison with the spatial scales of the RBSP orbit and
electron drift shells. We have also reproduced the schematic phase space density profiles
(figure 1B) to graphically illustrate our conclusion that the acceleration of relativistic
electrons the October 8-9, 2012 event was produced by local acceleration through VLF
wave-particle interactions.

Fig. S8.

The observed magnetic field magnitude, B, is plotted against the model B from the
TS04 magnetic field model. The color-coding indicated the dates. A perfect agreement
between the observed and model field magnitudes would lie along the gray line of slope
1. The insert shows the distribution of samples as a function of the percent difference
between the observations and the model. The slight skew to negative values indicates
that, on average, the model slightly overestimates the actual field strength but overall
performs remarkably well.

Fig. S9.

Uncertainties derived by matching phase space densities when both satellites are on
the same drift shell. The difference factor is defined as the larger phase space density
divided by the smaller phase space density regardless of satellite. The absolute ratios are
centered around 1 indicating that neither satellite measures systematically higher fluxes
(or phase space density) than the other and that, therefore, the majority of uncertainty
comes from the global magnetic field model rather than instrumental cross-calibration
uncertainties.



Fig. S10.

Phase space density plotted as a function of time for the two RBSP satellites and five
geosynchronous satellites distributed in longitude (reference). The apogee of RBSP is at 5.7 Rg
and geosynchronous orbit is circular at 6.6 Rg. RBSP data are plotted for all times when L* >
3.8. Geosynchronous data are plotted from all times when a reliable magnetic field direction can
be obtained from the data.
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